A series of column experiments and risk evaluation showed that preozonation was a better option to enhance the performance of soil aquifer treatment (SAT) than ozonation after SAT with respect to dissolved organic carbon, trace organic contaminants, and disinfection byproducts. This is a good example to show that upgrading pretreatments can be more effective than adding extra treatments after SAT, and that it is important to optimize a water reclamation system as a whole system.
unless otherwise noted. They were used without further purification. For chlorination, sodium hypochlorite (chemical grade, Wako) was used. For the analysis of pharmaceutical and personal care products (PPCPs) with a liquid chromatographytandem mass spectrometry (LC-MS/MS) system, formic acid and acetonitrile (LC/MS grade, Wako) were used for the preparation of mobile phases. Carbamazepine (CBZ, biochemical grade, Wako), clarithromycin (CAM, biochemical grade, Wako), sulpiride (SLP, biochemical grade, Wako), DEET (>98%, TCI (Japan)), and crotamiton (CRT, >97%, SigmaAldrich (USA)) were purchased as the standard compounds of PPCPs. All the aqueous solutions were prepared with ultrapure water produced with a Millipore Academic-A10 system.
Feed water
An effluent from an actual wastewater treatment with anaerobic-anoxic-aerobic process (A 2 O) in Kyoto City (Japan) was used as the feed water for this study. The effluent was collected at the outlet of the A 2 O process (i.e. before chlorine disinfection). This effluent was filtered with a cellulose membrane (5A, Advantec (Japan)) and stored in a refrigerator before use.
Experimental matrix and target indices
Treatment performances under seven different conditions were compared in this study (Figure 1 ): ozonation alone, SAT alone, and the combination of ozonation and SAT with different orders and ozone doses (5 or 10 mg/L). DOC and chlorine demand were monitored as the general water quality indices. EDTA and 1,4-dioxane, and the five PPCPs mentioned above were measured as the representative trace organic compounds. In addition, bromate ion concentration and the formation potential of four major trihalomethanes (THMs) and nine major haloacetic acids (HAAs) were evaluated as the major disinfection byproducts. The three columns were operated for two to three months for acclimatization before routine monitoring of effluent quality was started in the first week of August 2012.
Soil aquifer treatment

Preozonation and postozonation
Ozonation was performed in semibatch mode. Ozone gas produced from ultrapure oxygen by an ozone generator (AZH-3S, Hamamatsu Vegetable (Japan)) was continuously fed to the A 2 O water in the glass ozone contactor (volume, 3.3 L) through a bubble diffuser at the bottom. 
RESULTS AND DISCUSSION
DOC profiles
The DOC profiles after acclimatization are shown Figure 2 .
As expected, preozonation itself did not change DOC. When preozoantion was applied, however, the DOC levels after SAT were lower than that of SAT alone (average DOC Postozonation decreased DOC levels to some extent, but was less effective than the combination of preozonation and SAT. Relatively high ozone doses to low DOC levels appeared to result in partial mineralization of DOM through radical chain reactions (i.e. self-decomposition of ozone) (e.g. von Gunten ). 
Disinfection byproducts
Bromate ion was below the detection limit (<0.5 μg/L) for SAT, O 3 (5), O 3 (5) þ SAT ( Figure 6 ). Ozone appeared to be consumed rapidly by the reaction with DOM under these conditions. Bromate ion was detected under other conditions.
In particular, higher bromate ion concentrations than the WHO guideline value (10 μg/L) were found for the SAT þ (Figure 7 ). The bromine incorporation ratio was higher for the preozonation option. These results may reflect the fact that DOM after the treatment by preozonation þ SAT is less reactive to chlorine than DOMs in other conditions. A similar trend was found for HAA formation potential (HAAFP) (data not shown).
Risk evaluation
Based on the results obtained in this study, we attempted to compare the total risks for the options tested. For this The above results imply the importance of upgrading a water reclamation system as a total system. That is, upgrading pretreatment may be more effective than upgrading the following drinking water treatment process. Also, it should be emphasized that relatively high ozone doses were used in this study, and only the combination of ozonation and SAT was discussed. For more detailed and realistic optimization including cost, considerations on lower ozone dose and other treatment steps (e.g. coagulation and activated carbon treatment) would be necessary.
CONCLUSIONS
The combination of preozonation and SAT was compared with the combination of SAT and postozonation for controlling DOC, chlorine demand, PPCPs, and disinfection byproducts for water reclamation. Better reductions of DOC and EDTA were observed with the preozonation options. Conversely, for the removal of 1,4-dioxane, the postozonation option was better. Most PPCPs monitored were almost completely oxidized in both preozonation and postozonation. The comparison of total risks for the options tested indicated that the combination of preozonation and SAT was the best option for the target compounds and indices monitored in this study.
